Abstruct-We demonstrate that twisting a fiber a few turns per meter before it is annealed largely eliminates the residual linear birefringence. This dramatically improves the yield of annealed coils used for current sensing and makes it possible to use fibers that previously had large residual linear birefringence. Twisting the fiber is effective because the residual birefringence, associated with core ellipticity, is reduced to near zero by twisting. A theoretical model of the twisted and annealed fiber current sensor is compared to experimental data. We also show good temperature stability for a sensor made with this new technique.
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I. INTRODUCTION
N THIS paper we expand the previously limited discussion of an improved annealing process that removes both bend and form birefringence from fiber [I] . Fiber Faraday effect optical current transducers (OCT) provide a simple, potentially low cost, high electrical isolation, nonsaturating, wide bandwidth, high sensitivity technology to sense current. The major technical obstacle to commercial fiber OCT market dominance is the quenching and thermally destabilizing effects of birefringence in the sensing fiber coil. Linear birefringence quenches the magnetically induced circular birefringence of the Faraday effect and is caused by waveguide form and internal and external stresses such as core ellipticity, bending, and vibration.
Many processes have been employed to remove birefrin- An extension of twisting fiber was the manufacture of spun fibers, both low-and high-birefringence types. The twisted and spun high-birefringence fiber are relatively immune to bend birefringence because of the large circular birefringence in these fibers. Unfortunately, the circular birefringence is strongly temperature dependent, so sensitivity varies with temperature unless compensated [ 141, [1S] . The spun lowbirefringence fiber is susceptible to bending birefringence and both types of spun fiber are not readily available. Another approach to making low-birefringence fiber for current sensing is to use a glass with a low stress-optic coefficient, such as glass compositions containing high percentages of lead (flint glass) 121. Bend birefringence, as well as birefringence induced by vibration and thermal stress, should be minimized in such a fiber.
The production of durable, low loss fiber from such glasses has proven difficult [ 161, but recent results show considerable promise. Fiber with a retardance of less than l"/turn around a 22 mm diameter mandrel has been reported [ 171. Fielded sensors are said to show little sensitivity to vibration [18] . The temperature dependence of the Verdet constant in glasses such as these is about a factor of 2 greater than in silica [ 191, but compensation should not be appreciably more difficult. A greater concern is whether the fiber can ultimately be manufactured with high quality at low cost.
In recent years, annealing optical fiber at temperatures in the range of 800°C has shown that both the inherent and bend-induced linear birefringence in fiber can be substantially reduced [20]-1221. Annealing has been applied to both fiber Fabry-Perot interferometers, where birefringence diminishes the finesse [21] , and to optical fiber current sensors [2], [3] , v21.
Annealing has allowed the construction of fiber current sensors as small as 5 mm in diameter with more than 100 turns [22] . The sensitivities of these coils can be near that predicted from the Verdet constant of silica and with temperature stabilities near the temperature dependence of the Verdet constant 131, [23] . A small residual linear birefringence often remains in a fiber after annealing [22] . In some cases this can be large enough to make a coil unsuitable for use as a current sensor. The residual birefringence varies dramatically from fiber to fiber and even along the length of the fiber draw. To date, this problem has been addressed primarily by the empirical selection of fiber, but even then many coils have shown a residual birefringence that was too high for current sensing. Recent work at NIST suggests that the origin of the residual birefringence is the ellipticity of the fiber core. For typical single-mode fiber, a core ellipticity of about 1%, an amount difficult to measure accurately, is sufficient to produce a linear birefringence of about one hundred degrees per meter-too much for many current-sensing applications 191, [22] , [24] . Twisting a fiber a few turns per meter and annealing it virtually eliminates the effects of residual linear birefringence, increasing the yield of the annealing process, making it possible to U S . Government work not protected by US. copyright 
FiBER BIREFRINGENCE AND ELLIPTICITY MEASUREMENTS
To determine the source of the residual birefringence in annealed fiber, we selected three fiber types. Two types, identified as fibers A and B, have large inherent and residual linear retardances. Both are single mode at 780 nm and have a 125 pm cladding diameter. The third fiber, identified as fiber C, has low inherent and residual linear birefringence, and is single mode at 1300 nm with a 125 /Im cladding diameter.
The linear retardance 6 (defined as 2.rrAn/X, where X is the wavelength) of each fiber before twisting and annealing was measured with the polarimetric "cut-back" method [25] . Fiber coils were annealed, without twisting, to determine the residual retardance of the fibers, which was estimated by fitting the measured normalized current sensitivity of many coils with different numbers of turns to the sin6/5 function. The sensitivity of a current sensor with uniform linear retardance is p sin 616 where p is the Faraday rotation. For fiber coil current sensors, p = pVNI, where p V is the Verdet constant in rad/A, N is the number of fiber turns around the conductor, and I is the current in the conductor. Also, the residual retardance of a coil is 6 = PNDT where P is the linear birefringence in " / m and D is the diameter of the coil in m [22] .
The annealing procedure was similar to that described earlier [22] . Coils were held at 850°C from 4 to 17 h (depending on the fiber type) and cooled slowly, 0.2 "C/min, to room temperature. All the coils were 7 cm in diameter. Table  I displays the results of the linear retardance measurements on each fiber type before and after annealing. Fig. 1 shows the accumulated data and the fitted sinS/S function for each fiber type. The good fit of the sin 616 function is an indication that S is uniform, within our measurement uncertainty, over the length of the coil.
The large residual retardance in fibers A and B make them both unsuitable for practical current sensing. For example, the residual retardance in annealed fiber A would reduce the sensitivity of a current sensor in a 7 cm diameter, 100 turn coil (22 m of fiber), by at least a factor of 40. A similar annealed coil made with fiber B would be at least a factor of 20 less sensitive than a zero-birefringence coil. The temperature stability of sensors made with fibers A and B would also be greatly reduced [22] . Even fiber C is limited to a few tens of turns for optimum performance. An annealed fiber current sensor with residual birefringence will have a maximum rotation-to-current ratio The fiber ellipticity and core diameter measurements, displayed in Table I , were made with a commercial refracted near-field instrument. The resolution of the measurement is approximately 0.1 pm and the fiber core diameter accuracy is about 10%. The uncertainty of the ellipticity is about 1%.
Here ellipticity is defined as (1 -b / a ) x 100. To estimate the residual retardance produced by the measured ellipticity we used the method discussed in Imoto's and Sakai's papers [26] , [27] . Birefringence in elliptical and circular core fibers can also arise from differences in the thermal expansion of the anisotropic core or cladding. Quench-cooling a fiber during drawing can maximize this stress. If the core and cladding thermal expansion coefficients are equal, annealing will remove this anisotropically-induced stress birefringence. We accounted for the elimination of stress due to the elliptical core in the annealed fibers and in both cases we neglected any stress-induced birefringence from the cladding ellipticity or core nonconcentricity. The NA used in the calculations was 0.13. Considering the uncertainties in the ellipticity and core diameter measurements and assumptions made about the glass's refractive index, the calculated retardance correlates well with the measured retardance for each annealed fiber.
The unannealed fiber retardances in fibers A and B are larger than the calculated, possibly due to neglected stress from the draw, quenched cooling, or the jacket.
Fibers A and B, shown in Table I , show a change in the ellipticity between unannealed and annealed. Because measurements on fibers A and B are near the refracted nearfield instrument's resolution, we selected a fiber with a large ellipticity, e ~2 5 % , to determine if the ellipticity trend is real. We found no significant reduction in the core ellipticity with the large ellipticity fiber. The ellipticity trend in fibers A and B is attributed to measurement uncertainty.
Since annealing does not eliminate the core ellipticity, we are confident that the residual stress in annealed fibers can be largely accounted for by the fiber core ellipticity. To reduce the effects of this ellipticity, we began to twist and anneal the fibers. The following section discusses the results of that work.
TWISTED AND ANNEALED FIBER
The removal of linear birefringence in optical fiber through twisting was first used by Rashleigh and Ulrich to overcome bend birefringence and improve a current sensor 181. Since that time many papers have reported the use of twisted optical fiber in current sensing. Twisting the fiber adds circular birefringence through torsional strain, which is temperature dependent [7] , [9] . Annealing a twisted fiber removes both the linear bend-and circular twist-induced birefringences and most of their destabilizing temperature effects.
A. Theoretical Evaluation
The Jones matrix for spun fiber has been developed by Clarke [281 from coupled-mode theory 171, [9], [291, 1301 for a rotating laboratory reference frame with a circular basis set. We have corrected Clarke's matrix to account for the removal of bending shear stress by annealing. The matrix (1) is shown at the bottom of the page where 7 is the twist rate per unit length (1 twist = 360°), z is the length of the fiber, 2 6 = p(l+q2)1/2, p is the residual retardance per unit length, q = (27+ 2 p ) / p , and p is the Faraday rotation per unit length. is approximately 1 -q / ( l + U'). This approximation is valid for r # 0 and r > p.
B. Experimental Comparison
To test the effects of twisting and annealing fiber, we have made coils using the fibers A, B, and C with different amounts of twist per meter. We then measured their current sensitivities relative to the best known value for the Verdet constant [35] . With the present apparatus, twists rates of up to 20 twists per meter, can be held in the fiber during annealing. [36] .
twist is shown for all the fibers types. For all fiber types, the current sensitivity of the coils increased as the twist rate increased, until a value near the theoretical, zero-birefringence, limit was reached. For example, in Fig. 5 , an annealed coil with as little as 2 twists per meter has a sensitivity greater than 99%. This value is within the uncertainty of the Verdet constant for fiber operating at 780 nm. Therefore, for practical purposes, twisting and annealing fiber A beyond 2 twists per meter makes an isotropic fiber coil for current sensing.
For Figs. 5-7, the theoretical estimate of the sensitivity, [36] , [37] . Theoretically, the twisted and annealed fiber is equivalent to an annealed spun low birefringence fiber [36] . However, this is not always the case experimentally [22] . Annealing will not remove two sources of birefringence, form birefringence due to an elliptical core or that due to a nonuniform stress member in the fiber (for example a bow-tie hi-bi fiber), An anisotropic core or The output polarization state of a fiber with changing from 100 to cladding with a different thermal expansion coefficient will produce a stress birefringence. A twisted fiber with this type of birefringence will exhibit a temperature dependent rotation of the elliptical polarization state axis. This effect is shown theoretically in Fig. 8 as p is changed from 90 to 100°/m for a fiber coil with z = 4.6 m, and 7 = 0.5 twist/m. The major axis of the elliptical polarization state rotates by about 4O"lm or about 7 mrad/"C for (l/S)(dS/dT) = 10V3/"C. Possibly the fiber used by Tang et al., contained one or both of these properties to give a temperature dependent rotation of the output polarization state of about 3.5 mrad/"C [22] . If a spun fiber is made without these two form birefringences annealing should result in a nearly 0 birefringence fiber, similar to the twisted and annealed fiber. Fig. 9 shows that good temperature stability can be achieved with the twisted and annealed fiber. The theoretical limit for temperature stability in these fiber sensors is related to the temperature dependence of the Verdet constant which is about 7 x 10-5/0C [19] . The temperature dependence of the coil shown in Fig. 9 is about a factor of 2 above this limit. The temperature dependence of this coil may be affected by the experimental apparatus or birefringence, reintroduced when the coil was placed in a test fixture. The rotation of the major axis of the output polarization state of this coil was -0.63 * 0.02 mrad/OC. A temperature dependence of about 2 mrad/OC for fiber B is estimated from theory, assuming ( l / S ) ( d S / d T ) = 10-""C.
IV. SUMMARY
We have shown the residual retardance in annealed fiber is due to the core ellipticity and limits the use of ordinary fiber in current sensors. This retardance is uniform over the length of our fibers as shown by the excellent fit to the sin S / S function. Twisting and annealing fiber greatly decreases this retardance but does not significantly increase the temperature dependence of a fiber OCT. This allows high yield fabrication from almost any ordinary fiber and provides an alternative Temperature ('C) Fig. 9 . The normalized temperature dependence of a current sensor using twisted and annealed fiber. The solid line is a least squarcs fit to the data. The dashed line is thc temperature dependence of the Verdet constant in SiOa.
to fiber current sensing with spun hi-bi or flint glass fiber at lower cost. We have developed a theoretical model for the current sensitivity of a twisted and annealed fiber coil and compared the model with experimental values. We verified experimentally that twisting and annealing a fiber where T > [ j will make isotropic fiber for excellent thermal stability and current sensing. One future metrologic use of these twisted and annealed fiber coils is an accurate determination of the Verdet constant in fiber. Another possible sensor application would be in low cost integrated-optic fiber-optic gyros. The isotropic twisted and annealed fiber coil could replace the polarization maintaining fiber coil as the annealed coil would reduce the effects of birefringence in fiber gyros [38] , 1391.
